The maize opaque2 (o2) mutant has a high nutritional value but it develops a chalky endosperm that limits its practical use. Genetic selection for o2 modifiers can convert the normally chalky endosperm of the mutant into a hard, vitreous phenotype, yielding what is known as quality protein maize (QPM). Previous studies have shown that enhanced expression of 27-kDa γ-zein in QPM is essential for endosperm modification. Taking advantage of genome-wide association study analysis of a natural population, linkage mapping analysis of a recombinant inbred line population, and map-based cloning, we identified a quantitative trait locus (qγ27) affecting expression of 27-kDa γ-zein. qγ27 was mapped to the same region as the major o2 modifier (o2 modifier1) on chromosome 7 near the 27-kDa γ-zein locus. qγ27 resulted from a 15.26-kb duplication at the 27-kDa γ-zein locus, which increases the level of gene expression. This duplication occurred before maize domestication; however, the gene structure of qγ27 appears to be unstable and the DNA rearrangement frequently occurs at this locus. Because enhanced expression of 27-kDa γ-zein is critical for endosperm modification in QPM, qγ27 is expected to be under artificial selection. This discovery provides a useful molecular marker that can be used to accelerate QPM breeding.
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QPM | o2 modifiers | endosperm | artificial selection | gene duplication B y 2030, the world population is predicted to reach 8.5 billion people. As a consequence, food production will need to be increased by more than 50% (1) . However, the rate of food production has not kept pace with explosive population growth. Enhancing the nutritional quality of staple crops is one strategy for addressing the emerging food crisis (2, 3) .
Maize (Zea mays) is the highest-yielding crop in the world, but it cannot be used as the sole protein source for humans and monogastric livestock because its main storage proteins, zeins, are deficient in the essential amino acids, lysine and tryptophan (4) . The poor protein quality of maize can be improved by the opaque2 (o2) mutation, which increases the lysine and tryptophan levels by decreasing the synthesis of zeins and compensatorily increasing other (nonzein) seed proteins. However, unfortunately, the chalky and soft texture of o2 kernels limits utilization of this mutant (5) . The creation of quality protein maize (QPM) was based on modification of o2 by accumulating quantitative trait loci (QTLs), called o2 modifiers, that lead to a hard, vitreous endosperm (5, 6) . The development of QPM has greatly improved the lives of people who suffer from malnutrition in the developing countries (7) .
Although QPM breeding has gone on more than 50 y, neither the mechanism nor the genetic components controlling endosperm modification are well understood. Seven o2 modifiers have been located on six chromosomes (8) , including one, designated o2 modifier1 in bin 7.02 near the 27-kDa γ-zein locus, which has a major effect on endosperm modification; the other six loci contribute smaller effects (8) . Coincidently, the RNA transcript and protein levels of 27-kDa γ-zein accumulate two-to threefold higher in QPM than in an isogenic wild-type and o2 mutant (9, 10) . The extent of o2 modification is positively correlated to the level of 27-kDa γ-zein in an F 2 population and recombinant inbred lines created by a cross between QPM and an o2 mutant (10) (11) (12) . Silencing of γ-zeins or a deletion that eliminates 27-kDa γ-zein expression abolished the formation of vitreous endosperm in QPM (13, 14) .
In maize endosperm, zein proteins are stored in rough endoplasmic reticulum-retained protein bodies (PBs) (15) (16) (17) . The 27-kDa γ-zein, along with the paralogous 16-kDa γ-zein and 15-kDa β-zein, is thought to play an important role in initiation and stabilization of PB formation (18) . Knockdown or knockout of γ-zeins in QPM results in irregular, clumped PBs in reduced numbers and an opaque phenotype, indicating that γ-zeins are necessary, if not sufficient, for endosperm modification (13, 14) . In this study, we identified a major QTL (qγ27) that controls enhanced expression of Significance More than half a century ago, Oliver Nelson and Edwin Mertz at Purdue University found the maize opaque2 (o2) mutation produces doubling of the endosperm lysine content, creating the foundation for quality protein maize (QPM) breeding. QPM has the potential to benefit millions of people in developing countries who consume maize as their sole protein source. However, breeding new QPM hybrids takes longer than regular hybrids, primarily because of the complex and unknown components of o2 endosperm modification; this has limited expansion of QPM worldwide. We identified a quantitative trait locus, a gene duplication at the 27-kDa γ-zein locus, which confers enhanced expression of this protein and leads to endosperm modification. This knowledge can effectively be applied in QPM breeding.
the 27-kDa γ-zein gene in QPM. Its DNA structure, derivative alleles from DNA rearrangement, and potential application in QPM breeding are discussed.
Results
Genetic Regulation of 27-kDa γ-Zein Expression in QPM. An o2 mutant with a starchy endosperm phenotype can be modified to create a vitreous QPM by o2 modifiers, which act in a semidominant mode (8) . Previous research showed there is a major QTL associated with the 27-kDa γ-zein locus that affects o2 modification (8) (9) (10) (11) (12) . Additionally, evidence exists that an enhanced level of this protein is essential for creating vitreous endosperm in QPM (13, 14) . These observations suggest that o2 modifier-mediated endosperm modification in QPM is associated with enhanced expression of 27-kDa γ-zein and the QTL (designated here as qγ27) directly regulates the elevation of 27-kDa γ-zein, which acts as the o2 modifier. To investigate the genetic action of qγ27 on 27-kDa γ-zein expression, K0326Y QPM (with qγ27) and B73 (without qγ27) were reciprocally crossed. Because the endosperm is triploid (two from the female and one from the male), the four genetic materials-(i) K0326Y QPM, (ii) K0326Y QPM × B73, (iii) B73 × K0326Y QPM, and (iv) B73-have three, two, one, and zero dosage of qγ27, respectively. Phenotypic analysis of the resulting progeny revealed the protein level of 27-kDa γ-zein is positively correlated with the genetic dosage of qγ27 in QPM (Fig. S1) .
Unlike the 22-kDa α-zein genes, the expression of the 27-kDa γ-zein gene is not significantly affected in o2 (19) . The 27-kDa γ-zein gene is transcriptionally regulated by the prolamine-box binding factor (PBF) and O2 heterodimerizing proteins (OHP1 and OHP2), the latter being homologs of O2 at other loci in the maize genome (19, 20) . We previously created PbfRNAi transgenic lines with suppressed expression of Pbf, which lead to a decreased level of 27-kDa γ-zein (20) . Because QPM is homozygous for o2, PbfRNAi was introgressed into W64Ao2 by several rounds of backcrossing, yielding the genotype PbfRNAi/+;o2 (homozygous for o2 and heterozygous for PbfRNAi) (19) . To investigate the genetic relationship between qγ27 and the transcriptional regulation of 27-kDa γ-zein, K0326Y QPM and PbfRNAi/+;o2 were crossed. Half of the progeny (120 of 250) inherited the PbfRNAi transgene. They expressed a reduced level of 27-kDa γ-zein and exhibited an opaque phenotype, indicating that PbfRNAi is dominant over qγ27 on 27-kDa γ-zein expression. In other words, qγ27 acts downstream of the transcriptional regulation of 27-kDa γ-zein by PBF (Fig. 1) . We also examined the cis-and trans-action of qγ27 on elevated expression of 27-kDa γ-zein. To do this, the two 27-kDa γ-zein alleles in the cross of a QPM and a wild-type without qγ27 must be distinguishable by a DNA polymorphism. XF134 is an inbred line that has a 27-kDa γ-zein gene 18-bp shorter than the B73-γ27 and K0326Y-γ27 alleles ( Fig. S2 A and B) . If qγ27 is a trans-factor that equally affects the expression of K0326Y-γ27 and XF134-γ27 alleles, one would expect that the cDNA ratio of the two alleles should be 2:1 in the cross of K0326Y QPM × XF134 as the same in the cross of B73 × XF134 because of the triploid endosperm. However, the observed ratio of K0326Y-γ27 and XF134-γ27 alleles (4.25:1) was significantly higher than the expected value (χ 2 = 48.0) (Fig. S2C) , suggesting qγ27 acts in a cis manner, resulting in the 27-kDa γ-zein allele from K0326Y QPM being preferentially expressed compared with its counterpart allele from XF134.
Cloning of qγ27. QPM accumulates a higher level of 27-kDa γ-zein protein than some wild-type inbred lines, like B73 and CM105, although the level of 27-kDa γ-zein was found to vary in different inbred lines (21) (Fig. 2A) , suggesting genetic variation for this trait. This finding also indicates that qγ27, controlling the enhanced expression of 27-kDa γ-zein in QPM, might be selected from QTLs in the natural population. To evaluate the number of QTLs, we collected 492 inbred lines and their levels of 27-kDa γ-zein were phenotyped by estimating the abundance of this protein based on SDS/ PAGE ( Fig. 2A and Dataset S1). A genome-wide association study (GWAS) analysis identified a major peak (P = 8.568517806e
) of 27-kDa γ-zein accumulation associated with the physical coordinate 120 Mb near the 27-kDa γ-zein locus on chromosome 7 (Figs. 2B and 3A), which falls into the same region as o2 modifier1, the major o2 modifier for endosperm modification (8, 22) , suggesting there is only one major QTL in the natural population and it has been selected for enhanced expression of 27-kDa γ-zein in QPM.
Because Mo17 expresses an overtly higher level of 27-kDa γ-zein than B73 ( Fig. 2A ), we were able to take advantage of the intermated B73 × Mo17 synthetic 10 double-haploid population (IBM Synthetic 10 DH) to further map the QTL (23) . This analysis confirmed the location of the QTL in the same region as o2 modifier1 (Figs. 2 C and D and 3B). Furthermore, the ratio of the Mo17-γ27 allele expressed in the endosperms of Mo17 × XF134 and XF134 × Mo17 was significantly higher than expected ( Fig. S2C ), similar to the cross of K0326Y QPM and XF134, indicating that the two QTLs are identical. This finding enabled us to use Mo17, the genome of which is being sequenced, to fine-map qγ27.
The effect of qγ27 on 27-kDa γ-zein expression is dosagedependent (Fig. S1 ). To clearly score the protein phenotype, we created an F 1 BC 1 population of (Mo17 × B73) × B73 to finemap this QTL. Each individual seed in this population was cut in half: one for zein protein extraction and the other for genomic DNA isolation. The zein protein was analyzed by SDS/PAGE for phenotyping the abundance of 27-kDa γ-zein (Fig. S3) . The segregation ratio of high and low expression of 27-kDa γ-zein was 1:1, confirming that a single QTL controls this trait (Fig. S3 ). Using 6,912 individuals, the QTL was narrowed down to a region between the markers 0916-2 and bin 120.35 (Fig. 3C) . Based on the B73 genome, these two markers span ∼100 kb, where only five genes were annotated: namely, the 50-kDa γ-zein gene, the 27-kDa γ-zein gene, GRMZM2G565441, GRMZM2G138976, and GRMZM5G873335. GRMZM2G565441 is an unknown gene and appears not to be expressed in all examined tissues based on RNA-seq analysis (24) . The latter two genes encode an ARID (AT-rich interaction domain) transcription factor and a protein with unknown function, respectively.
Because B73 lacks qγ27, we were unlikely to clone the gene from its genome. However, the Mo17 genome is being sequenced and assembled at China Agricultural University, yielding a scaffold (designated 4130) that was identified to cover this region. Although there are a few gaps in this scaffold, duplication of a fragment containing two copies of the 27-kDa γ-zein gene, GRMZM2G565441, GRMZM2G138976, and GRMZM5G873335 was revealed (Fig. 4) . This duplication, which was confirmed by Southern blotting (Fig. S4A) , could potentially explain the high-level expression of the Mo17-γ27 allele in the crosses of Mo17 and XF134 (Fig. S2C) . The duplication is spaced by a 1,388-bp filler DNA in which a Copia retrotransposon is inserted (Fig. 4B) . Sequence alignment of the two 27-kDa γ-zein gene copies, including the promoter regions (∼1 kb upstream of the start codon), CDSs, and 3′UTRs showed they are identical (Fig. S5) . Real-time PCR revealed that not only the 27-kDa γ-zein gene itself, but also GRMZM2G138976 and GRMZM5G873335, are expressed nearly twofold higher in Mo17 than B73 (Fig. S4B) , consistent with the effect of the copy-number difference (Fig. 4 and Fig. S4A ). We also screened a Mo17 BAC library, which was constructed with a special Mo17 line containing the male sterile restoring gene (S-Mo17
Rf3Rf3 ). Sequence determination revealed the same duplication in the continuous 258-kb sequence, although many variations were discovered between S-Mo17
Rf3Rf3 and the standard Mo17 genome that was used for mapping and genomic sequencing (Fig. 3F) .
Elevated Expression of 27-kDa γ-Zein in QPM Is Associated with a Gene Duplication. To investigate if K0326Y QPM also has the 27-kDa γ-zein gene duplication, genomic DNA was blotted with a 27-kDa γ-zein probe, which revealed two copies, as observed in Mo17 (Fig. S4A) . CM105, CM105o2, and CM105Mo2, a QPM line, are nearly isogenic lines. The duplication giving rise to two copies of a 27-kDa γ-zein gene would be expected to be associated with elevated gene expression in QPM lines, so CM105Mo2 would be predicted to have the duplication, but not the other two nearly isogenic lines. To test this, we designed a primer pair (0707-1) (Table S1 and Dataset S2) that flanks a 1,606-bp deletion in the 3′ region of the duplicated GRMZM2G138976 gene that would give rise to one or two DNA bands, depending on the absence or presence of the duplication (Fig. 4B) . Two bands characteristic of the duplication were found in CM105Mo2, but not CM105o2 or CM105 wild-type (Fig. S6) . We then checked 36 other QPMs and found they all contain the duplicated locus (Fig. 5) , confirming that qγ27 is the 27-kDa γ-zein gene duplication. Among the 492 inbred lines used in the GWAS, the 97 lines accumulating the highest level of 27-kDa γ-zein were all found to contain the 27-kDa γ-zein duplication (Dataset S2).
A DNA Rearrangement Is Associated with Reduced 27-kDa γ-Zein Gene Expression. Some inbred lines, like W22 and A188, were previously found to carry the so-called standard allele (S allele) of 27-kDa γ-zein gene, which was defined as consisting of two (A and B) 27-kDa γ-zein genes. The A and B genes can be distinguished by several conserved SNPs in the CDS (25, 26) (Fig. S7) . Using the 0707-1 primer as performed in Fig. 5 and Fig. S6 , genes were found to result from the same gene duplication, indicating that the two copies of the 27-kDa γ-zein gene in some lines diverged after duplication. We found that 29 of 97 inbreds expressing high levels of 27-kDa γ-zein have the A and B genes, designated the Sab allele; the remaining 68 carry the Saa allele, which consists of two identical A genes (Dataset S2). Of 38 QPM lines, 22 carry the Sab allele and 16 have the Saa allele (Dataset S2). The 27-kDa γ-zein gene duplicated locus appears to be unstable. In a special stock of W22 and in A188, a single copy of the 27-kDa γ-zein gene was identified and appears to be generated by a DNA rearrangement (25, 27) . The W22-Rb stock in our laboratory contains only the B gene, and it accumulates a much lower level of 27-kDa γ-zein than the wild-type W22, which contains the A and B genes ( Fig. 6 and Fig. S7 ). Thus, this result is also consistent with the hypothesis that the 27-kDa γ-zein duplication is associated with its elevated protein synthesis and accumulation. Discussion qγ27 Is a Duplication of 27-kDa γ-Zein Gene. A vitreous kernel with a hard endosperm texture is an important agronomic trait selected by maize breeders because it provides mechanical strength during seed harvest, transportation, and storage. In a wild-type kernel, the outer region of the endosperm is vitreous and the inner area is starchy (28, 29) . It appears that vitreous endosperm formation involves the interaction of PBs, starch granules, and cytoplasm (30) . During endosperm development, the starch granules are surrounded by PBs in the cytoplasm. However, starch granules in the periphery of the endosperm are fewer and smaller than those in the center; in contrast, number and size of PBs are the inverse in these two regions (18, (29) (30) (31) . At seed maturity, the endomembrane system degrades as a result of programmed cell death and cell desiccation. Consequently, starch granules in the outer region of the endosperm become embedded in a proteinaceous matrix composed of soluble proteins and zein PBs, which have cysteinerich proteins (γ-and β-zeins) on their surface. Condensation of these components leads to the formation of vitreous endosperm, whereas the inner area forms soft, starchy endosperm (29) (30) (31) . In the o2 mutant, the number and size of PBs is dramatically reduced, resulting in naked starch granules throughout the endosperm; as a consequence, the phenotype of the kernel becomes starchy and opaque (15) . However, this phenotype can be overcome in QPM by o2 modifiers, which have the ability to partially restore the proteinaceous matrix around the starch granules (14, 29) .
o2 endosperm modification is the result of a complex genetic action that involves multiple o2 modifier loci. Seven o2 modifiers have been mapped to six chromosomes (8) , among which one, designated o2 modifier1 near the 27-kDa γ-zein locus, is tightly linked to elevated expression of 27-kDa γ-zein and functions as a major QTL for o2 endosperm modification (8) (9) (10) 12) . Down-regulation, silencing, or elimination of the 27-kDa γ-zein gene expression have similar effects in disrupting endosperm modification ( Fig. 1) (13, 14) , indicating that o2 modifier-mediated endosperm modification in QPM depends on enhanced synthesis of 27-kDa γ-zein. Furthermore, the correlation between the degree of modification and the level of 27-kDa γ-zein in different populations created by a cross between QPM and a starchy o2 mutant suggests the QTL (qγ27) controlling enhanced expression of 27-kDa γ-zein is potentially an o2 modifier. Based on this finding, we designed a series of experiments to map qγ27 by phenotyping the amount of 27-kDa γ-zein protein. We found that qγ27 increases 27-kDa γ-zein expression in a cis manner (Fig. S2C) , excluding the possibility of it being a trans-factor that transcriptionally or posttranscriptionally regulates 27-kDa γ-zein gene expression. It is also unlikely that qγ27 is an enhancer affecting transcription of 27-kDa γ-zein gene in cis. With a F 1 BC 1 population of 6,912 individuals, qγ27 was mapped into a region ∼100 kb, in which we didn't identify possible enhancer-like elements by comparison of Mo17 and B73 sequences.
In this study, we identified qγ27 as a gene duplication at the 27-kDa γ-zein locus (Fig. 4) . This duplication affects four genes, of which two copies of the 27-kDa γ-zein gene are clearly associated with elevated transcription (Fig. S4B) and synthesis of 27-kDa γ-zein protein in the wild-type population and in QPM lines (Figs. 2 and 5 and Dataset S2). We investigated 38 different QPM lines and found they all bear the gene duplication (Fig.  S5) , indicating it has been selected during QPM breeding and is a likely candidate for the QTL. Loss of one gene copy in W22-Rb is associated with reduced accumulation of 27-kDa γ-zein compared with that in W22-Sab (Fig. 6) . The identity of qγ27 as a duplication of the 27-kDa γ-zein gene is consistent with the overrepresented expression of the K0326y-γ27 and Mo17-γ27 alleles in the crosses with XF134 and our genetic analyses showing that qγ27 has a dosage effect on 27-kDa γ-zein expression and appears to act downstream of its regulatory transcription factor, PBF (Fig. 1 and Figs. S1 and S2) . Coincidently, qγ27 was mapped to the same region as the o2 modifier1 locus, which has been shown to confer a major contribution to the vitreous phenotype in QPM (8) . Although the o2 modifier1 locus may contain a different QTL that is tightly linked to qγ27, the elevated amount of 27-kDa γ-zein from the duplication is consistent with phenotype and clearly contributes to endosperm modification.
Copy-number variation resulting in altered expression of a target gene, and in turn plant development and manifestation of agronomic traits, has been demonstrated in many reports (32) (33) (34) (35) . Evidence from this and other studies (8, 10, 11, 13, 14) support the hypothesis that enhanced expression of 27-kDa γ-zein is a function of gene duplication. Previous studies indicated that zein proteins play different roles in PB formation (36, 37) . The γ-and β-zeins are expressed a little earlier than α-and δ-zeins and are thought to initiate PB formation, whereas α-and δ-zeins are subsequently deposited into the inner region of PBs and enlarge their size (18) . Because the expression of the β-zein gene is dramatically reduced in QPM because of the o2 mutation (38) , an elevated level of 27-kDa γ-zein becomes crucial to facilitate the formation of numerous small protein bodies that surround the starch granules and contribute to rebuilding the proteinaceous matrix. Biochemical analysis of the starch in QPM indicates that endosperm modification might also be associated with altered starch structure, probably a result of altered expression of granule-bound starch synthase I, pullulanase, and starch synthase III (29, 39) . This feature, along with the altered composition of starch granules and a more extensive cytoplasmic proteinaceous matrix, is critical for restoration of kernel vitreousness (14, 29) .
It should be noted that the level of 27-kDa γ-zein is higher in K0326Y QPM than in Mo17 wild-type, and it also varies among QPM lines ( Figs. 2A and 5A ). It is likely that K0326Y QPM has additional o2 modifiers that don't exist in Mo17; some of these could further increase synthesis of 27-kDa γ-zein. For example, a locus linked to o15, a mutation on the distal arm of chromosome 7, affects 27-kDa γ-zein synthesis (8, 40) . It has been suggested that some o2 modifiers regulate 27-kDa γ-zein gene expression through a posttranscriptional mechanism (41) . However, the nature and mechanism of the involved o2 modifiers remains to be identified.
Instability of qγ27 and Artificial Selection for QPM Breeding. Because qγ27 is a duplication of the 27-kDa γ-zein locus, we were curious to know where it originates from and how it was selected. Therefore, we investigated a number of Z. mays ssp. Parviglumis accessions (maize wild progenitor) and found most contain this gene duplication (Fig. S8 ). This finding indicates that the duplication occurred before maize domestication and that the single-copy 27-kDa γ-zein alleles in modern maize might result from DNA rearrangement. Indeed, the duplication appears to be unstable and the DNA rearrangement was determined to occur frequently in some inbred lines (25, 27) , as evidenced by W22-Rb, a W22 stock with the only B gene, resulting from the rearranged W22-Sab allele (Fig. 6) . However, DNA rearrangement causes a reduction in 27-kDa γ-zein expression (Fig. 6) . We examined 159 inbred lines that express low levels of 27-kDa γ-zein and found they contain only one gene copy, of which 152 and 7 have A and B genes, respectively (Dataset S2). Although loss of one 27-kDa γ-zein gene causes no obvious change of phenotype in wild-type maize, the elevated expression of 27-kDa γ-zein is critical for the vitreous phenotype in QPM. We propose that the gene structure of qγ27 is under artificial selection and thus stabilized during QPM breeding (Fig. 5 ).
Materials and Methods
Plant Materials. The 492 temperate maize inbred lines used for GWAS mapping were collected and genotyped by J.L.'s laboratory at China Agricultural University. The 280 lines of the IBM Synthetic 10 DH population for the linkage mapping were originally from Michael Lee's laboratory at Iowa State University and their genotypes were provided by G.P.'s laboratory at Sichuan Agricultural University (23 Total Zein Extraction and Phenotypic Evaluation. At least 20 kernels from each inbred or IBM line were finely ground with a coffee grinder (Electric Grinder) for 2 min, and 100 mg of flour were used for zein protein extraction. In brief, the flour was mixed and vortexed with 1 mL zein extraction buffer [70% (vol/vol) ethanol, 2% (vol/vol) 2-mercaptoethanol, 3.75 mM sodium borate (PH 10), 0.3% SDS] in a 2-mL tube (Axygen), incubated on the bench at room temperature for 2 h. Then the tube was centrifuged at 15,700 × g (Eppendorf) for 20 min, and 100 μL supernatant liquid was transferred into a new tube with an additional 10 μL 10% (wt/vol) SDS, the mixture was evacuated for 70 min at the condition of 45°C, VAL model (Eppendorf). Next, 100 μL of distilled water was then added to dissolve the protein. Finally, a mixture of 2-μL protein solution and 8-μL protein loading buffer was analyzed by SDS/PAGE gel [15% (wt/vol)] for a 27-kDa γ-zein accumulation pattern (Bio-Rad). B73 and Mo17 were selected as standards, and levels in B73 and Mo17 were recorded as 1 and 2, respectively, from SDS/ PAGE gel for phenotype collection.
RNA Extraction and Quantification. Total RNA was extracted from the 18-DAP developing endosperms with TRIzol (Invitrogen) and purified with the RNeasy Mini Kit after digestion with DNase1 (Qiagen). cDNA was synthesized with the SuperScript III First Strand Kit (Invitrogen) using 2 μg of RNA in a 20-μL reaction system. Quantitative PCR was performed using SYBR Green (Takara) with the Bio-Rad CFX Connect. The maize Actin gene was used as a reference control and the comparative CT method (ΔΔCT method) was used to calculate relative gene expression. All of the expression data generated by quantitative RT-PCR included at least five biological samples with three technical replications. The Student's t test was used to estimate statistical significance. All primers are listed in Table S1 .
Association Analysis. The GWAS was performed by GAPIT (42) (gapit_functions_2.22) using the compressed MLM (43) approach with Q+K model. Kinship was obtained using emmax-kin (44) (version: beta-07Mar2010) with parameters: -v -h -s -d 10. Principal component analysis was calculated with gcta with the following two steps (45) (version: gcta64): (i) estimate genetic relationship matrix with parameters: -autosome-num 10-autosome-make-grm; (ii) input the genetic relationship matrix and output eigenvalues and eigenvectors with parameters: -grm -pca 20. The first three eigenvectors were used for GWAS analysis.
Genotyping and QTL Analysis. The IBM Syn10 DH population was used for QTL analysis by the GBS procedure. In general, each of 280 DH lines was sequenced with an average genome depth of 0.31×. The custom-made Mo17 pseudomolecules were generated with approximate 26.5× genome coverage for SNPs calling. Subsequently, the reads that only allow one mismatch perfectly mapped to the B73 reference were kept as high quality SNPs, recognized at this SNP site as genotype for of DH lines, and we discarded the reads that have multiple physical coordinate and low quality sequence (quality value ≤ 5). Bin markers were then generated with a sliding-window approach. Finally, by using two different software packages, JoinMap 4.1 and MSTMap, a genetic map was constructed with 6,618 recombination bins for QTL analysis (46, 47) . QTL analysis was performed according to observing expanded map by using QTL Cartographer (48) . Composite interval mapping pattern was used for population type (Zmap model 6).
Mapping and Cloning of qγ27. With GWAS and linkage mapping, the major QTL controlling the high expression of 27-kDa γ-zein was located within a narrow interval of 1 Mb. Then, 6,912 seeds of (Mo17 × B73) × B73 population were used for fine mapping. Each seed was cut into two halves, one half for zein protein extraction (phenotyping the high or low level of 27-kDa γ-zein), the other for DNA extraction. Taking advantage of the SSR and SNP markers, qγ27 was finally located into a 100-kb interval between the marker 0916-2 and Ch7-120. 35 .
